In this paper, the effects of hydrostatic pressure on the thermodynamic and vibrational properties such as bulk modulus, second order elastic constants, acoustic phonon frequencies, density of state (DOS) and Grüneisen parameters (γ) on Cu-%20Pd alloys was examined by using the molecular dynamics (MD) simulation. Interaction forces between atoms in the model system were calculated by Quantum Sutton-Chen (Q-SC) potential energy function. The simulation results obtained from this study were compared with the experimental and theoretical results in the literature.
INTRODUCTION
The rapid development of technology day by day requires the design and production of new materials. It is very important to know the behaviour of the materials depending on changes of external conditions. Pressure and temperature are two important effects that change the physical and thermodynamic properties of matters. Cu-based inter-metallics have motivated the strong interest in their fundamental properties including interatomic bonding, long range order, crystalline defects, order-disorder transition and diffusion [1] [2] [3] [4] [5] .This is surprising since CuPd alloys are attracting interest as hydrogen transport membranes [6] [7] [8] [9] [10] [11] , as materials with good corrosion resistance [12] and as catalysts for the liquid phase reduction of nitrate [13] . CuPd alloys petroleum refining is very important because of its use in important areas such as membranes for hydrogen production and purification [14] .
The two most important factors that change phonon frequencies are volume and pressure. The change of phonon frequencies is called anharmonicity [15] . This condition is expressed by the grüneisen parameter (γ). The grüneisen parameter is a valuable quantity in solid-state geophysics because it can be used to set limitations on the pressure and temperature dependence of the thermal properties of the mantle and core, and to constrain the adiabatic temperature gradient [16] . The microscopic description of the grüneisen parameter is based on the vibrational motion of atoms and theoretically is obtained from the differential of the phonon frequency. [17] .
The MD simulations are one of the powerful tools used to determine the dynamic properties of materials at atomic scale. The MD simulations has been widely used to study the thermodynamic and structural properties of matter such as intermetallic alloys, polymers and nanostructures [18] [19] [20] [21] . In MD simulation, the orbits in the phase space of the particles are determined by numerical integration of the Newton' equations. At high temperature and pressures, the vibrations of atomic systems exhibit anharmonic behaviour. The MD simulations can be modelled the systems exhibiting anharmonic behaviour [17, 22, 23] . The accuracy of the MD simulation results depends on the potential energy function selected for the modelling of the monoatomic or alloy system. One of the potential functions used in MD simulation is EAM [24] . The different versions of EAM are available in literature [25] [26] [27] . The SC-EAM is used to investigate the monoatomic and alloy systems [27] [28] [29] . This potential function is based on the many body interactions. However, the Q-SC potential [28] is given by the same mathematical formula, but the potential parameters used are different.
This study is based on the thermodynamic properties and lattice vibrations of the Cu 20% Pd alloy system and this study was carried out since this type of work has not encountered in the related literature. In this study, we have performed MD simulation using Q-SC potentials to investigate the physical properties of Cu-%20Pd alloy under hydrostatic pressure. We have calculated the pressure dependences of the bulk modulus, C11, C12, C44 and density of state for model alloy system. Also, the change of the acoustic phonon frequencies with the pressure was determined. The grüneisen parameter was calculated using the phonon frequency values. The values obtained from the simulation studies were compared with the results in the literature.
MATERIALS AND METHODS
The Lagrangian function of the MD cell, which varies in shape and volume proposed by Parrinello and Rahman, is written as follows [30, 31] ( ,̇, ,̇) =
here mi and si are the mass and coordinate of the ith atom, respectively. h is the tensor containing the MD cell axes, and G is the metric tensor. M and Pext are the mass of the MD cell which an arbitrary constant and the pressure externally applied to the system, respectively. The details of the MD calculations can be found in the literature. [32] .
In this study, the atoms of the CuPd alloy were placed at the fcc lattice points at the beginning of the simulation. The periodic boundary conditions were applied along the x, y and z axes of the MD cell. The cut-off distance was chosen as 2.2ACuCu. At the beginning of the simulation, the initial velocities of atoms were randomly determined. The random velocities were produced to fit the Maxwell-Boltzman distribution. The thermostat process was carried out by rescaling the velocities in both MD steps. Both the particles and movement equations of the MD cell were integrated by the Gears' 5th order predictorcorrector algorithm. The MD time step is 4.85 fs. To obtain a stable structure of the alloy system, 50000 time steps were waited at each pressure value. It was seen that the the alloy sytems have stability strcuture at each of pressure values. The acoustic phonon frequencies were calculated by averaging over the last 5000th time step.
The Atomic Interactions
In this work, we modelled the interactions between atoms by using the Q-SC potential. The potential energy of binary alloys in the Q-SC for the systems with N atoms is given by; 
where, i a and i b indicating summation over type-a and type-b atoms, respectively. The potential parameters for binary alloy systems can be calculated from mixing rule [18] ;
where A is the length parameter;  is an energy parameter, m and n are integers. The potential parameters for the same and different type atoms of the CuPd alloy have been given in Table 1 [27, 33] . 
Elastic Properties
The elastic constants for the CuPd binary system were calculated using the following formula:
Here the Pij is the stress tensor at the atomic level. The first, second and final terms of equation (5) are the fluctuation, temperature correction and the Born term, respectively. The details of the formulations can be found from literature [34, 35] .
The bulk modulus for model system is determined using the following thermodynamic expression:
Determination of the Lattice Vibration Frequencies, DOS and Grüneisen Parameter
The solution of the secular equation given in Eq. (7) gives the phonon frequencies of the monoatomic or alloy systems [35, 36] .
here D is the dynamical matrix of the order (3n×3n), and I is the unit matrix. n is the number of atoms in primitive unit cell. The dynamical matrix for the EAM potential function is given as follows [24] : f * is the complex conjugate of f statement, zero is the sub-indice and it shows the selected reference atom [24] . Because of the limited volume effects, the finite atomic distances are used while calculating the dynamic matrix. [37] . The eigenvalues of the dynamic matrix correspond to longitudinal and transverse phonon frequencies. The eigenvalues can be calculated using Jacobi method. The D is Hermitian matrix. Eigenvalues can be real and negative. Negative values indicate that the studied system is mechanically unstable. [37] .
The density of states are the total number of vibration modes between  and +d frequencies.
where N0 is unit cell number and V is unit cell volume.
The Grüneisen parameter is an important quantity in geophysics as it often occurs in equations which describe the thermoelastic behavior of materials at high pressures and temperatures. The Grüneisen parameter varies slowly with the pressure and temperature and it dimensionless. The Grüneisen parameter is an indicator of the anharmonic behaviour. The microscopic definition of the grüneisen parameter can be expressed as the differential of the vibration mode, as follows:
where q is the phonon frequency that is the function of the q-wave vector and V is volume [38] .
RESULTS AND DISCUSSION
The Cu and Pd atoms of the Cu-%20Pd order alloy system at the starting of simulation were distributed on L12 type superlattice (with fcc unit cell) sites. The 3200 Cu and 800 Pd atoms (total 4000) were assigned on the fcc lattice points. The centers of fcc structures was occupied by Cu atoms while the corner cites was occupied by Pd atoms. The external pressure of the system was raised from 0 GPa to 50 GPa with 5 GPa increment in each run. At every pressure the MD cell was equilibrated for 50000 time steps to obtain a structurally and thermodynamically stable structure.
Under different pressure values at 300 K, the radial distribution functions (RDF) of the alloy system are shown in Figure 1 . The alloy studied was seen to be a fcc structure for all pressure values at the 300 K.
In the RDF function vurves, the first peak shows the first neighbours of atoms. At zero pressure, the second peak is 3.698 Å that indicates the lattice parameter. The experimental value of the lattice constant of the Cu-%20Pd alloy was given as 3.675 Å in the literature [39] . The value of the lattice parameter determined from the RDF curve is in agreement with the experimental value. The intensities of the peak of the RDF curves increases with increasing pressure. In addition, as seen from Figure 1 , RDF peaks have shifted to the left with the increases of the hydrostatic pressure. The high pressure increases atoms number in the neighbour shell, and so the interatomic distances reduced. The change of bulk modulus of the Cu-%20Pd alloy were calculated with increasing pressure in the range 0-50 GPa. The change values of Bm versus P can be seen in Figure 2 for 300 K temperature. The bulk modulus for the model alloy system increases almost linearly with the increasing pressure. One of the parameters, which determine the hardness and stability of materials, is elastic constants. The second order elastic constants were calculated for 300 K temperature at 0-50 GPa with 5 GPa increment. For 300 K, the variance of elastic constants (C11, C12 and C44) with increasing pressure were depicted in Figure 3 and it is seen that from this figure, the elastic constants increases linearly with increasing of pressure. However, it has been observed that the tendency of changes of C12 and C44 elastic constants are similar, the increase of C11 values is more than those of the others. The experimental data of the elastic constants for alloy system modeled depending on pressure are not available for comparison in the literature. The DOS and the acoustic phonon dispersion curves for the Cu-%20Pd were calculated based on different hydrostatic pressures. The both acoustic phonon spectra and density of states of alloy studied for 300 K at 0 GPa and 50 GPa pressure are shown in Figure 4 The peaks in the DOS signify the large number of state at the corresponding frequencies [41] . The longitudinal and transverse branches along high symmetry direction are flat away from the zone center. The flat dispersion of the acoustic modes at the Brilliouin boundary gives rise to sharp maximum (see Figure 4 ) [42] . Figure 5 shows the variation of the phonon frequencies at points X, K and L of the Brillouin zone. From obtained results, it is seen that the acoustic phonon frequencies increase with the increasing pressure. Generally, the application of hydrostatic pressure increases the phonon frequency because of the increasing stiffening of the interatomic interactions [40] . In Figure 6 shows the vibration density of states at 0, 10, 20, 30 40 and 50 GPa hydrostatic pressure values. As seen from that Figure, the peaks of density of states are shifting to the right with increasing pressure value. Also, the intensities of the peaks of the density of states increase with increasing pressure. The phonon frequencies do not depend on volume in perfectly harmonic lattice. The variation of phonon frequency with temperature and pressure variation is known to occur due to anharmonicity of the interatomic potential [15, 17] . The change of phonon spectra with pressure for model alloy system studied is used for calculation of the Grüneisen parameter. The Grüneisen parameters have been calculated at X, K and L point of Brilliouin zone for 300 K, 500 K and 800 K temperature values using Table 2 . Table 2 . Calculated grüneisen parameters of the acoustic vibration modes at the X, K and L point of the primitive cell In the literature, the experimental measurements or theoretical calculations were not encountered to compare our results. As it is seen from obtained results, the Grüneisen parameters have increased with the increasing temperature. In studies made for different alloy systems were observed that the Grüneisen parameter increases with the increasing temperature and obtanied results are compatible with the literature [43, 44] . 
